





















































to	 their	 outstanding	 combination	 of	 properties	 including	 porosity,	 non-toxicity,	 chemical	
inertness,	low	density,	and	electrical	conductivity,	which	has	allowed	them	to	find	a	wide	array	of	
applications	including	supercapacitors,	batteries,	CO2	capture,	fuel	cells	and	catalysis.	To	expand	














were	 also	 tested	 for	 O2	 reduction	 on	 rotating	 disc	 electrodes	 (RDEs),	 but	 their	 catalytic	
performance	 was	 found	 to	 be	 quite	 poor.	 The	 same	 approach	 of	 using	 different	 anions	 was	













carbons	 exhibit	 improved	 performance	 over	 their	 unmodified	 precursors	 demonstrating	 the	
utility	of	this	two-step	scheme	for	functionalizing	carbon	surfaces.	We	hope	that	this	two-step	





















I. I	 prepared	 all	 Fe-OMCs	 and	 characterized	 them	with	N2-sorption,	 XRD,	 TGA,	 and	 EA.	 I	
wrote	the	majority	of	the	first	draft	of	the	manuscript	and	was	the	main	author.	
II. I	 prepared	 and	 characterized	 Br-Vulcan,	 All2N-Vulcan,	 EN-Vulcan.	 I	 also	 prepared	 and	





































































































the	upcoming	decades,	humanity	will	 face	many	unprecedented	 challenges	–	 climate	 change,	
overpopulation,	and	rampant	pollution	to	name	a	few.	Furthermore,	the	ever-increasing	desire	
of	 developing	 countries	 and	 communities	 to	 become	 industrialized	 puts	 pressure	 on	 the	
environment	and	 its	 limited	resources.	A	 large	part	of	 industrialization	and,	 indeed,	of	 living	a	









Electricity,	 by	 its	 nature,	 requires	 a	 conductive	medium	 through	which	 to	move.	Well-known	
examples	 of	 conductors	 include	metals	 such	 as	 copper,	 silver,	 gold,	 iron,	 and	 lead.	 Less	well	
known	is	common	carbon.	While	not	as	conductive	as	the	aforementioned	metals	(see	Table	3),	
carbon	 exhibits	 many	 advantages	 including	 low	 cost,	 high	 abundance,	 porosity,	 non-toxicity,	
chemical	 inertness,	and	low	density.	More	 importantly,	carbon	possesses	the	unique	ability	to	
form	four	strong	covalent	bonds	to	itself	and	to	most	other	elements	in	the	Periodic	Table.	Such	




surface.	 Ironically,	 carbon,	 which	 powered	 the	 Industrial	 Revolution	 and	 supplied	 the	
concomitant	pollution,	may	also	provide	the	necessary	material	properties	for	clean,	renewable	
electricity,	 not	 as	 the	 fuel	 itself,	 but	 as	 an	 integral,	 indispensable	 component	 of	 21st	 Century	
technologies.		
	











(sometimes	 called	 charcoal)	 and	 exhibits	 a	mixture	 of	 sp2	 and	 sp3	 hybridization.	 This	 type	 of	
carbon,	 however,	 typically	 shares	more	 characteristics	with	 graphite,	 namely	 the	 appearance	
(black)	and	electrical	conductivity.	It	is	this	form	of	carbon	that	has	found	prominent	use	in	energy	
applications.	In	Roman	times,	amorphous	carbon	was	made	by	heating	wood	in	a	clay	dome.3	This	





called	 Buckminsterfullerene),	 e)	 C540	 Fullerene,	 f)	 C70	 Fullerene,	 g)	 Amorphous	 carbon,	 h)	 Single-walled	 carbon	
nanotube.	This	thesis	is	primarily	concerned	with	the	amorphous	allotrope	of	carbon.4	








into	 the	 carbonaceous	 structure.	 The	 heteroatoms,	 also	 called	 dopants,	 should	 lead	 to	 the	
formation	of	surface	sites	for	favorable	interactions	with	sulfur	in	lithium-sulfur	(Li-S)	batteries	or	
for	catalytic	oxygen	(O2)	reduction	to	water	in	polymer	electrolyte	membrane	fuel	cells	(PEMFCs).	









very	 distinct	 ways.	 Naturally	 occurring	 graphite	 forms	 in	 either	 metamorphic	 or	 igneous	
environments	 in	 the	 Earth’s	 crust	 from	 amorphous	 precursors	 like	 coal	 and	 decaying	 organic	
matter,	 requiring	 high	 temperature	 and	 pressure.	 Graphite	 is	 never	 formed	 in	 sedimentary	
environments.	Formation	of	graphite	requires	that	the	local	concentration	of	oxygen	be	low	or	
else	carbon	oxides	 (CO	and	CO2)	are	 formed.5	Diamond,	by	contrast,	 is	not	 formed	within	 the	
Earth’s	crust,	but	rather	deep	within	the	Earth’s	mantle	at	depths	of	140	to	190	kilometers,	where	


















largely	 based	 on	 carbon-carbon	 bonds	 and	 is	 typically	 >90%	 carbon	 by	 mass.8	 Typical	
temperatures	 used	 for	 carbonization	 are	 in	 the	 range	 of	 600°C	 to	 3000°C	 with	 higher	
temperatures	chosen	to	decrease	the	heteroatom	content	and	increase	the	degree	of	order	in	
the	 carbon	 lattice.	 Indeed,	 heating	 certain	 types	of	 amorphous	 carbons	 at	 high	 temperatures	
approaching	 3000°C	 produces	 carbons	 that	 are	 essentially	 graphitic	 and	 contain	 very	 few	
heteroatoms.	 The	 process	 of	 converting	 amorphous	 carbon	 to	 graphite	 is	 referred	 to	 as	
graphitization.	These	types	of	graphitizing	carbons	are	called	“soft”	carbons	and	proceed	through	
an	 intermediate	 liquid	phase	during	 carbonization.	 Examples	of	 soft	 carbons	are	 chars,	 soots,	
cokes,	and	coals.	Conversely,	materials	such	as	cellulose	and	coconut	shells	remain	entirely	in	the	
solid	 phase	 during	 carbonization.	 These	 materials	 produce	 carbons	 that	 do	 not	 develop	 any	
significant	degree	of	crystallinity	after	heat	treatment	at	3000°C.	Such	carbons	are	designated	as	













































carbonization,	 if	 the	 rate	 of	 evaporation	 is	 higher	 than	 carbonization,	 very	 little	material	will	









also	 the	 solvent	 (e.g.	 furfurylamine,15	 furfuryl	 mercaptan16).	 In	 either	 case,	 the	 elemental	














38	 These	 complexes,	 however,	 are	 typically	 large,	 thereby	 preventing	 facile	 template	 pore	




a	 salt,	 directly	 into	 the	 carbon	 precursor	 solution.	 The	 advantages	 of	 such	 a	method	 are	 its	
simplicity	and	low	cost.	The	carbon	precursor	solution	usually	also	contains	a	coordinating	atom,	









counter	anion	plays	an	 important	 role	 in	determining	 the	salt’s	properties	 including	solubility,	
redox	 potential,	 and	 chemical	 reactivity.	 Importantly,	 for	multivalent	metal	 ions	 (ions	 with	 a	
































the	 negative	 charge	 symmetrically	 over	 multiple	 electronegative	 atoms	 (e.g.	 O,	 N,	 F).	 This	
increases	their	polarizability,	 lowers	their	nucleophility	(i.e.	coordinating	ability),	and	increases	


















that	 lacked	 an	 explosive	 nature	 and	were	 even	more	 soluble	 than	 perchlorates.	Most	 of	 the	





































































Lewis	 acid-base	 adducts	 (e.g.	 metal	 complexes)	 over	 others	 and	 preferences	 in	 bonding	
arrangements.	A	Lewis	acid-base	adduct	results	from	electron	pair	donation	from	a	base	into	an	

















as	 such,	 typically	 come	 from	more	 electronegative	 elements	 in	 the	 Periodic	 Table	 (i.e.	 the	 p-
block).	As	one	moves	down	the	p-block,	the	outer	most	electrons	are	more	shielded	from	the	





















































organic	 groups	 to	 the	 surface;	 for	 TiO2,	 carboxylic	 and	 phosphonic	 acids	 can	 add	 additional	
functionality	 by	 forming	 titanol	 esters;	 for	 silica,	 silanes	 are	 routinely	 used	 to	 graft	 organic	
functional	groups	to	surface	silanols.	 In	the	case	of	carbon	materials,	 the	relatively	unreactive	
surface	means	that	more	forceful	conditions	are	required.	One	common	method	is	oxidation	with	
O2,	 O3,	 HNO3,	 H2SO4,	 or	 H2O2,	which	 forms	 carboxylic	 acids,	 alcohols,	 and	 ketones	 and	 other	
oxygen-containing	functional	groups.45-48	In	a	second	step,	organic	chemistry	reactions	can	couple	
small	molecules	to	these	functional	groups.	Examples	include	esterifications,49	amidations,50	SN2	














carbon	 skeleton	 associated	 with	 surface	 oxidation.	 However,	 the	 diazonium	 species	 is	 highly	
reactive	 and	 can	 react	 with	 an	 already	 grafted	 molecule	 on	 the	 surface,	 thereby	 forming	
multilayer	 coverages,	 resulting	 in	 pore	 clogging,	 reduced	 surface	 area,	 and	 easily	 detached	






onto	 the	 carbon	 surfaces	 serve	 as	 a	 versatile	 attachment	 point	 for	 a	wide	 variety	 of	 organic	






on	 electrochemistry,	 or	 spontaneous	 electron	 transfer	 between	 an	 electron	 donor	 (D)	 and	




























Volta	 in	 Italy	 in	1800	by	piling	 zinc	and	 silver	disks	 together	 separated	by	a	 cloth	 soaked	 in	a	
sodium	chloride	solution.60	These	constituted	the	anode,	cathode,	and	electrolyte,	respectively.	
Today,	 the	 basic	 battery	 concept	 is	 still	 the	 same,	 although	with	 different	materials	 for	 each	
component.	 Among	 the	 currently	 used	 technologies	 are	 lead	 acid,	 nickel	metal	 hydride,	 and	
lithium-ion	 (Table	 2).	 Lead	 acid	 batteries,	 invented	 in	 1859,	 constitute	 the	 majority	 of	 the	
batteries	 today	 (>	 80%)	 due	 to	 their	 low-cost,	 well-defined	 electrochemistry,	 relatively	 high	
voltage	 (2	 V)	 and	 high	 recycle	 rate.61	 This	wide-spread	 usage	 comes	 in	 spite	 of	 their	modest	
capacities	and	heavy	weight	of	 their	components.	Nickel	metal	hydride	 (Ni-MH)	batteries	 first	





























and	 electrical	 grid	 storage.	 Going	 beyond	 lithium-ion	 batteries	 requires	 exploring	 anode	 and	
cathode	 materials	 with	 different	 electrochemistries.	 Lithium	 and	 oxygen,	 as	 the	 anode	 and	
cathode	respectively,	would	seem	to	fit	the	bill.	As	oxygen	is	“free”	and	doesn’t	contribute	any	
significant	weight,	 the	 Li-O2	 cell	 has	 its	 capacity	 based	 on	 Li	 alone.	 As	 shown	 in	 Table	 2,	 the	
theoretical	energy	density	of	this	cell	is	around	11586	Wh	kg-1,	which	is	close	to	the	energy	density	
of	 gasoline	 (approximately	13,000	Wh	kg-1).	However,	many	 severe	problems	plague	 this	 cell,	







Technology	 Capacity	(mAh	g-1)	 Nominal	voltage	 Energy	density	(Wh	kg-1)	
Lead	acid	ref	62	 65	 2.0	 170	
Ni-MH,	ref	61	 206	 1.35	 278	
Li	ion*,	ref	61,	65	 200	 3.4-3.8	 720	
Li-S‡,	ref	64	 1675	 2.15	 2500	






abundance,	 and	 non-toxicity.	 However,	many	 problems	 occur	 in	 this	 system,	 the	majority	 of	
which	stem	from	the	insulating	nature	of	S.	Whereas	elemental	Li	is	a	conductor,	S	is	an	excellent	
insulator	 (Table	3).	 To	overcome	 this	 issue,	 conductive	additives	are	used	 to	 “wire	up”	 the	S,	
thereby	 making	 it	 electrochemically	 accessible	 during	 battery	 cycling.	 This	 is	 where	 the	
aforementioned	carbon	materials	 come	 into	 the	 Li-S	 system	 (Figure	10).	 The	addition	of	 such	
electro-inactive	materials,	however,	comes	at	a	cost.	 In	most	of	the	cathodes	described	in	the	























Li-S	 cell.	 The	 redox	 system	that	 reversibly	 converts	elemental	 lithium	and	sulfur	 to	Li2S,	while	
seemingly	 simple,	 is	 actually	 quite	 complex	 (Figure	 11).	 This	 process	 occurs	 through	 partially	
reduced	sulfur	species	called	 lithium	polysulfides	 (LiPS),	which	have	the	structure	Li2Sn,	where	

















































electrons	 travel	 the	 external	 circuit	 while	 the	 cations	 traverse	 the	 electrolyte.	 The	 charges	































electrolyte,	 as	 the	 two	 PEMFC	 names	 imply,	 consists	 of	 an	 acidic,	 water-based	 polymeric	
membrane;	protons	(H+)	are	the	positive	charge	carriers	in	this	cell,	similar	to	Li+	in	the	Li-S	system.	
The	H+	diffuse	through	the	polymer	electrolyte	membrane	while	the	electrons	travel	the	external	
circuit.	 On	 the	 cathode	 side,	 dioxygen	 (O2)	 acts	 as	 the	 electron	 acceptor	 and,	 together	 with	
protons	from	the	electrolyte,	forms	two	molecules	of	water	(Equation	2).	The	overall	reaction	is	
shown	in	Equation	3.	
	 2𝐻# → 4𝐻& + 4𝑒) (1)	
	 4𝐻& + 4𝑒) + 𝑂# → 2𝐻#𝑂 2 	
	 2𝐻# + 𝑂# → 2𝐻#𝑂 (3)	
	
The	 anode	 reaction	 is	 referred	 to	 as	 the	 hydrogen	oxidation	 reaction	 (HOR)	 and	 the	 cathode	
reaction	is	referred	to	as	the	oxygen	reduction	reaction	(ORR).	It	must	be	stressed	that	the	overall	


















e- = gas diffusion layer
= anode catalyst layer
= proton exchange membrane
= cathode catalyst layer
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In	 the	 case	 of	 both	 the	 HOR	 and	 ORR,	 the	 reaction	 does	 not	 proceed	 perfectly.	 While	 the	




















landmark	 study,	 it	 was	 found	 that	 nitrogen-doped	 carbon	 nanotubes	 efficiently	 catalyze	 the	
ORR.71	 The	 advantage	 of	 these	 carbons	 stems	 from	 that	 their	 synthesis	 uses	 strictly	 Earth-
abundant	elements.	Additionally,	various	studies	have	found	that	co-doping	carbons	with	both	











Velectrode = Eelectrode +  ⏐ηelectrode⏐ (2-32)
 
 
For the anode, 
 
 
Vanode = Eanode +  ⏐ηanode⏐ (2-33)
 
and for the cathode, 
 
 
Vcathode = Ecathode – ⏐ηcathode⏐ (2-34)
 
 
The net result of current flow in a fuel cell is to increase the anode potential and to decrease the 
cathode potential, thereby reducing the cell voltage.  Figure 2-6 illustrates the contribution to 
polarization of the two half cells for a PAFC.  The reference point (zero polarization) is 





























Current density (mA/cm2)  
 
 
Figure 2-6  Contribution to Polarization of Anode and Cathode 
 
 
Summing of Cell Voltage:  The cell voltage i cludes the co tri ution of the node and cathode 
potentials and ohmic polariz tion:  
 
 















2. Elemental:	 X-ray	 photoelectron	 spectroscopy	 (XPS),	 X-ray	 fluorescence	 (XRF),	 and	
elemental	or	combustion	analysis	(EA).	






of	 these	 studies.	 Their	 sample	 preparation	methods	 are	 also	 considerably	more	 involved	 and	
complex.	As	such,	the	Li-S	battery	fabrication	methods	are	discussed	in	its	own	section	(Section	
4).	 The	 PEMFC	 single	 cell	 tests	 were	 conducted	 by	 a	 colleague	 (Caroline	 Janson)	 and	 the	







a	 powder	 including	 surface	 area,	 pore	 volume,	 and	 pore	 diameter	 distributions.	 Nitrogen	




atoms	of	 the	solid	have	a	bonding	deficiency,	 it	becomes	energetically	 favorable	at	 these	 low	
temperatures	to	interact	with	the	nitrogen	molecules,	i.e.	physisorption.	At	low	pressures,	well	
below	the	saturation	pressure	(P0),	the	nitrogen	molecules	adsorb	to	the	most	energetic	sites	on	
the	 surface,	 eventually	 forming	 a	monolayer.	 At	 this	 stage,	 the	 BET	 calculation	 is	 performed	
(Equation	6)	to	determine	the	surface	area	of	the	material;	the	more	nitrogen	adsorbed	at	this	
stage,	the	higher	the	surface	area	(Equation	7).	
	 𝑝𝑉 𝑝L − 𝑝 = 1𝑉M𝐶 + 𝐶 − 1𝑉M𝐶 𝑝𝑝L 6 	
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this	 point,	 the	 BJH	 calculation	 is	 performed	 to	 determine	 the	 pore	 volume	 and	 pore	 size	
distributions	of	the	material.	The	pressure	is	increased	further	to	nearly	the	saturation	pressure,	

















The	 angle	 between	 the	 sample	 and	 the	 X-rays	 is	 scanned	 and	 the	 intensity	 of	 the	 reflected	
radiation	is	measured.	Diffraction	occurs	when	some	of	the	crystallites	in	the	sample	meet	the	
requirements	of	Bragg’s	Law	(Equation	8).	




















































composition,	 oxidation	 state,	 and	 electronic	 structure	 of	 a	material.	 Under	 high	 vacuum,	 the	
sample	 is	 irradiated	 with	 X-rays	 of	 a	 known	 energy	 and	 electrons	 are	 ejected,	 called	
photoelectrons.	Based	on	the	energy	of	these	electrons,	a	binding	energy	can	be	measured,	using	
Equation	9.	






































































to	 combust	 all	 carbon	 and	 organic	 components	 from	 the	 sample,	 leaving	 behind	 only	 non-
combustible	material	behind	(e.g.	SiO2	and	metal	oxides).	The	final	mass	can	be	used	to	determine	








Differential	 scanning	 calorimetry	 (DSC)	 is	 a	 common	 thermal	 characterization	method	 for	 the	
detection	of	phase	transitions	within	a	material.	The	heat	flow	is	measured	relative	to	a	known	





DSC	 furnace	 where	 they	 are	 heated	 or	 cooled	 at	 the	 same	 rate	 and	 their	 temperatures	 are	
measured.	 If	 and	endothermic	process	occurs	 (e.g.	melting)	 the	 sample	absorbs	energy	and	a	














Counter	electrode:		 balances	 the	 current	 passed	 to/from	 the	 working	 electrode;	
maintains	electrical	neutrality	in	the	cell	




rotated	 at	 a	 constant	 angular	 velocity.	 This	 creates	 a	 convection	 force	 that	 replenishes	 the	





At	 low	 potentials,	 the	 electrode	 kinetics	 dominate	 (i.e.	 rate	 of	 electron	 transfer);	 at	 high	
potentials,	electron	 transfer	 is	 fast	and	the	reaction	 is	under	mass	 transport	control.	At	 these	
potentials,	the	limiting	current	(IL)	can	be	modelled	with	the	Levich	equation:	


















host	 for	sulfur	 in	a	Li-S	battery.	This	 is	a	multi-step	process	 in	which	many	parameters	can	be	
varied	to	alter	the	ultimate	performance	of	the	carbon.	One	of	the	central	objectives	of	this	thesis	
is	to	systematically	alter	the	carbon’s	structure,	composition,	or	surface	functionalities	and	to	see	
the	 effect	 these	 changes	 have	 on	 the	 battery	 performance;	 the	 intervening	 steps	 are	merely	
necessities	to	transform	the	newly	made	carbon	into	a	battery.	In	other	words,	the	procedures	






























































For	 other	 types	 of	 carbon	 with	 less	 well-defined	 pore	 structures	 (or	 none	 at	 all),	 no	 such	
calculation	can	apply	and	typically	a	moderate	amount	of	sulfur	 is	added.	For	 the	non-porous	




















analysis	 under	 a	 nitrogen	 atmosphere	or	 to	 combustion	 analysis	 (see	 Section	3).	 For	 samples	






violent	 ball	milling	 can	 have	 deleterious	 effects	 on	 the	 battery	 performance.	 The	 two	mixing	
methods	are	compared	below	in	terms	of	their	battery	performance.	For	the	ball	milled	sample,	
the	C	and	S	were	dry	milled	(i.e.	no	solvent)	at	22	Hz	for	30	min	whereas	the	other	C-S	composite	




1. Dry at 80°C, 1 h,
    under vacuum
















of	 each	mixing	method.	 In	 the	 case	 of	 the	 ball	 milled	 sample,	 the	 voltage	 is	 lower	 for	 both	
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polyvinylidene	 fluoride	 (PVDF)	 binder	 along	 with	 N-methyl-2-pyrrolidone	 (NMP)	 as	 the	



















slurry.	 The	 amount	 added	 must	 be	


























carbon	 itself.	 An	 otherwise	 well-performing	 carbon	 will	 yield	 subpar	 battery	 results	 if	 the	
electrode	preparation	 is	 done	poorly.	 In	 the	 case	 that	 the	electrode	preparation	 is	 extremely	
defective	(i.e.	the	carbon	falls	off	the	current	collector	after	drying,	Figure	21),	battery	testing	






























Two	 important	 tools	 assist	 in	 the	 coating	 process	 to	make	 it	 as	 reproducible	 as	 possible:	 the	
doctor	blade	and	auto-coater.	The	doctor	blade	is	effectively	a	“gate”	that	only	allows	objects	of	
a	certain	height	or	lower	pass	underneath	it.	The	gate	forces	the	slurry	down	to	the	preset	height,	


































Figure	 25	 shows	 the	 short-term	 cycling	behavior.	 The	RT	dried	 electrodes	have	 greater	 initial	
capacities	while	 the	80°C	dried	ones	show	a	somewhat	stable	capacity	 for	 the	 first	 few	cycles	
before	losing	electroactive	sulfur.	The	long-term	cycling	shown	in	Figure	26	reveals	that	all	three	







The	ultimate	 test	 for	a	new	carbon	material	 is	 to	 test	 it	as	an	electrode	 in	a	Li-S	battery.	The	
process	continues	from	the	electrode	into	a	full	cell.	While	in	the	glovebox,	the	electrode	is	built	
into	 a	 so-called	 “coin	 cell”	 for	 testing	 as	 the	 cathode	 in	 a	 Li-S	 battery.	 As	with	 the	 electrode	









These	 results	 show	that	even	when	all	 variables	 should	 lead	 to	equal	performance,	 there	will	
always	be	some	variability.	This	applies	to	both	short-	and	long-term	cycling:	the	initial	capacities	


















































































mixed	 with	 the	 electrolyte	 to	 improve	 battery	 performance.	 The	 solvents	 typical	 of	 Li-ion	
batteries	such	as	alkyl	carbonates	are	not	applicable	 in	Li-S	cells	due	 to	 reactions	with	 radical	
polysulfides.67	 Instead,	 the	 solvents	 for	 Li-S	 batteries	 are	 usually	 linear	 and	 cyclic	 acetals	 and	
ethers	 such	 as	 1,3-dioxolane	 (DOL),	 1,2-dimethoxyethane	 (DME),	 and	 tetraethylene	 glycol	
dimethyl	ether	(tetraglyme).	A	previous	study75	has	shown	that	the	linear	DME	provides	higher	
LiPS	solubility	and	reaction	kinetics	while	the	cyclic	DOL	forms	a	more	stable	SEI	on	the	Li	surface;	




















lithium	tetrafluoroborate	 (LiBF4)	and	 lithium	hexafluorophosphate	 (LiPF6)	are	not	amenable	to	
Li-S	 electrolytes	 due	 to	 reactions	 with	 the	 dissolved	 LiPS.78	 Two	 other	 soluble	 salts,	 lithium	





































































in	 weight,	 area,	 thickness,	 etc.,	 it	 is	 important	 to	 normalize	 the	 current	 by	 one	 of	 these	




typically	 reports	 applied	 current	 as	 a	 “C-rate.”	 The	 C-rate	 takes	 into	 account	 the	 theoretical	







atom.	 Equation	 13	 shows	 the	 conversion	 of	 this	 capacity	 to	 the	 usual	 units	 of	 capacities,	 or	
mAh	g-1:	
	 𝐶ℎ𝑎𝑟𝑔𝑒𝑀𝑎𝑠𝑠 = 2	𝑒)32.06	𝑎𝑚𝑢 = 3.2	𝑥	10)br𝐶5.324	𝑥	10)#a𝑔 = 8.889	𝑥	10)#a𝐴ℎ5.324	𝑥	10)#a𝑔 = 1675	𝑚𝐴ℎ	𝑔)b 13 	
	





Since	all	cells	were	cycled	at	a	 rate	0.1	C	and	have	sulfur	 loadings	of	about	2	mg,	 the	applied	
current	to	the	cell	was	about	0.335	mA.		
	



















the	 capacity	 eventually	 stabilizes	 to	 about	 75%	 of	 its	 initial	 value	 after	 about	 25	 cycles.	 The	
stabilized	 value	 is	 called	 the	 reversible	 capacity.	 By	 contrast,	 the	 Vulcan	 electrode	 suffers	 a	
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0.1 C, the initial shape of the charge/discharge voltage profi le 
was recovered without noticeable polarization. This means that 
the amCMK-S electrode has good stability at various C rates. 
The corresponding rate performance was shown in Figure  5 f. 
The discharge capacities of the amCMK-S electrode were sta-
bilized at 1150, 1021, 870, and 814 mAh g −1 in the fi nal cycle 
of each step at 0.1, 0.2, 0.5, and 1 C, respectively. As the C rate 
returned back to 0.1 C, the discharge capacity was restored to 
1070 mAh g −1 with a coulombic effi ciency above 97% during 
overall cycling, revealing a good rate performance. [ 45 ] A good 
cycling performance and rate capability can be tentatively attrib-
uted to the aniline functional groups that provide “anchor” sites 
resulting in the homogeneous distribution of insoluble dis-
charge products. 
 To verify the effect of aniline functional groups on man-
aging insoluble discharge products, ab initio calculations 
based on density functional theory (DFT) were performed. The 
most stable confi guration as shown in  Figure  6 a indicates that 
unpaired electrons in the N atom strongly interact with Li + in 
the Li 2 S, thereby forming stable binding between aniline and 
Li 2 S. The interaction between aniline functional groups in 
the amCMK and Li 2 S was also studied by XPS. Commercial 
Li 2 S p der w s diss lved into anhydrous thanol to obtain 
0.2  M Li 2 S solution in the Ar-fi lled glove box. The amCMK was 
added to the Li 2 S solution and stirred for 1 d to suffi ciently fi ll 
the pore of the amCMK with the Li 2 S solution. Consequently, 
the remaining solution was completely eliminated by fi ltra-
tion, and the sample was further dried at 110 °C. The obtained 
sample is denoted as amCMK-Li 2 S. For comparison, CMK-Li 2 S 
was synthesized using the CMK sample through an afore-
mentioned method. Figure  6 b displays high-resolution Li 1s 
spectrum of the samples. The spectrum of the CMK-Li 2 S was 
Adv. Energy Mater. 2015, 5, 1500268
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 Figure 5.  a) The charge/discharge voltage profi les of the amCMK-S electrode, b) corresponding cycling performance and c) normalized capacity from 
the lower plateau in the discharge voltage profi les of the CMK-S and amCMK-S electrodes at 0.1 C during 50 cycles. d) Cycling performance for extended 
cycles of the amCMK-S electrode at 0.2 C. e) The charge/discharge voltage profi les and f) corresponding rate performance of the amCMK-S electrode 













sulfur	 is	 being	utilized;	 for	 example,	 a	 reversible	 capacity	 of	 1000	mAh	per	 g	 S	 indicates	 that	
1000/1675	or	60%	of	the	sulfur	is	being	reversibly	used.	However,	if	the	sulfur	loading	is	very	low	

































of	 the	 silica	 template.	 The	 silica-carbon	 composite	 was	 impregnated	 again	 with	 fresh	




















Sample	number	 Carbon	precursor	 Copper	salt	 Designation	
1	 FOH	 None	(undoped)	 1-O	
2	 FNH2	 None	(N-doped)	 2-N	
3	 FNH2	 CuCl2	 3-Cl	
4	 FNH2	 Cu(BF4)2-nH2O	 4-BF4	
5	 FNH2	 Cu(OTf)2	 5-OTf	
6	 FNH2	 Cu(OAc)2-H2O	 6-OAc	
7	 FNH2	 Cu(acrylate)2	 7-Acryl	
8	 FNH2	 Cu(methacrylate)2	 8-Meth	
	
CuCl2	was	chosen	as	the	reference	salt	with	a	“normal”	anion	that	should	show	marginal	solubility	
in	 the	 FNH2	 solvent.	 Cu(BF4)2-nH2O,	 Cu(OTf)2,	 represented	 salts	 with	 weakly	 coordinating,	
inorganic	anions	that	should	hopefully	be	much	more	soluble.	The	final	three	salts	of	Cu(OAc)2,	
Cu(acrylate)2,	 Cu(methactylate)2	 contain	 organic	 anions	 that	 should	 carbonize	 along	with	 the	
FNH2	 carbon	 precursor.	 Interestingly,	 the	 acrylate	 and	 methacrylate	 anions	 contain	 a	
























































solution	 had	 to	 be	 continuously	 cooled	 or	 else	 premature	 polymerization	 of	 the	 FNH2	would	

























After	 the	 synthesis,	 the	 as-synthesized	 copper-doped	 OMCs	 (Cu-OMCs)	 were	 studied	 by	 N2-














These	 results	 show	 that	 some	 variation	 exists	 among	 the	 eight	 samples,	 but	 that	 all	 samples	
showed	 reasonable	 surface	 areas	 and	 pore	 volumes;	 the	 addition	 of	 various	 copper	 salts	 of	












Sample	 Procedure	1	 Procedure	2	 Change	
Undoped	 653	 1066	 +63.2%	
N-doped	 704	 1082	 +53.7%	
	
Table	11.	Comparison	in	BJH	pore	volumes	(cm3	g-1)		
Sample	 Procedure	1	 Procedure	2	 Change	
Undoped	 0.986	 1.14	 +15.6%	
N-doped	 0.693	 1.54	 +122.2%	
	
By	splitting	the	 impregnations	and	subsequent	carbonizations	 into	two	steps,	the	final	surface	







The	 X-ray	 diffractograms	 reveal	 principally	 two	 features	 of	 the	 OMC:	 one,	 if	 any	 crystalline	








































Sample	 Residual	mass	 CuO	mass*	 Cu	mass§	
1-O	 -0.045	 N/A	 N/A	
2-N	 1.14	 N/A	 N/A	
3-Cl	 7.70	 7.96	 6.36	
4-BF4	 11.92	 12.18	 9.73	
5-OTf	 3.58	 3.67	 2.93	
6-OAc	 32.18	 32.67	 26.10	
7-Acryl	 1.66	 1.69	 1.35	




To	 accurately	 determine	 the	 wt%	 copper	 in	 each	 sample,	 the	 water	 weight	 (hydration)	 was	
subtracted	from	the	residual	mass.	The	hydration	mass	was	taken	at	the	temperature	of	150°C.		
	 55	




























Sample	 B1s	 C1s	 N1s	 O1s	 F1s	 S2p	 Cl2p	 Cu2p	 Si2p	
1-O	 -	 91.05	 3.15	 5.24	 0.33	 0.23	 -	 -	 -	
2-N	 -	 89.59	 3.88	 5.70	 0.47	 0.35	 -	 -	 -	
3-Cl	 -	 86.61	 2.54	 10.11	 0.58	 -	 0.16	 -	 -	
4-BF4	 1.57	 78.87	 9.30	 7.27	 1.54	 0.11	 -	 1.33	 -	
5-OTf	 0.76	 88.22	 3.44	 5.70	 -	 0.80	 -	 1.08	 -	
6-OAc	 -	 64.88	 2.91	 17.29	 2.92	 0.81	 -	 9.46	 1.73	
7-Acryl	 -	 87.24	 4.76	 6.97	 -	 0.52	 -	 0.52	 -	


























Most	 importantly,	 though,	 is	 the	 copper	doping	 levels.	 The	Cu2p3	 spectra	are	 shown	 in	 Figure	
39Figure	40.	Figure	39	displays	the	high-resolution	spectra	for	5-OTf,	6-OAc	and	7-Acryl	OMCs.	


















diffraction	 peaks	 in	 XRD;	 thus,	 the	 Cu	 species	 is	 probably	 either	 Cu0	 atoms	bound	within	 the	
carbon	 framework	 or	 Cu	 nanoparticles	 too	 small	 in	 size	 to	 be	 detectable	 by	 XRD,	 or	 some	
combination	of	the	two.	The	overall	copper	loadings	determined	by	XPS	is	in	the	order	6-OAc	>	
16020916.spe: none Tillämpad kemi




















16020905.spe: none Tillämpad kemi














































These	 tinted	 solutions	 indicate	 that	 there	were	 soluble	 copper	 species	 not	 bound	within	 the	
carbon	 framework	of	 the	OMCs.	 This	 could	be	 attributed	 to	 a	 several	 factors.	One,	 as	 stated	
before,	lowering	the	concentration	could	allow	for	better	incorporation	of	the	copper	ions	into	
the	 graphitic	 sheets.	 Two,	 perhaps	 a	 2	 h	 carbonization	 time	 is	 not	 sufficient	 for	 complete	
conversion.	If	some	organic	polymer	remains,	the	copper	ions	could	leach	out	with	a	simple	water	
wash.	Three,	the	pretreatment	with	pTSA	likely	results	in	a	simple	proton	transfer	to	the	amine	
solvent.	 This	 lowers	 the	 number	 of	 free	 base	 amines	 to	 coordinate	 to	 the	Cu	 ions.	 The	pTSA	





































































































































doped,	 and	 three	with	 Cu(BF4)2-nH2O	 doping	 at	 varying	 concentrations.	 The	 undoped	 and	N-







Carbon	precursor	 Copper	salt	 Concentration	 Designation	
FOH	 None	 N/A	 Undoped	
FNH2	 None	 N/A	 N-doped	
FNH2	 Cu(BF4)2-nH2O	 100%	 100%	Cu(BF4)2	
FNH2	 Cu(BF4)2-nH2O	 75%	 75%	Cu(BF4)2	

























Additionally,	 it	 is	 important	 to	 see	 how	 the	 undoped	 and	 N-doped	 samples	 compare	 to	 the	







Sample	 Procedure	1	 Procedure	2	 Procedure	3	
Undoped	 653	 1066	 1449	
N-doped	 704	 1082	 1371	
	
Table	18.	Comparison	of	BJH	pore	volumes	(cm3	g-1)		
Sample	 Procedure	1	 Procedure	2	 Procedure	3	
Undoped	 0.986	 1.14	 1.80	
N-doped	 0.693	 1.54	 2.01	
	
The	samples	with	100%	salt	concentration	can	also	be	compared	between	Procedures	2	and	3.	In	
this	 case,	 however,	 no	 such	 drastic	 improvement	was	 observed;	 both	 surface	 area	 and	 pore	
increased	very	modestly	(Table	19).	The	high	viscosity	and/or	reactivity	of	the	copper	salt-FNH2	
solution	 might	 explain	 these	 results.	 The	 viscosity	 limits	 the	 pore	 impregnation	 rate,	 so	 the	
increase	in	impregnation	time	from	2	to	24	h	might	have	limited	effect.	Also,	it	was	observed	that	
upon	storage	at	room	temperature	for	16	h,	the	samples	turned	from	deep	blue	to	brown,	likely	




Quantity	 Procedure	2	 Procedure	3	 Change	
BET	surface	area	(m2	g-1)	 580	 582	 +0.34%	
BJH	pore	volume	(cm3	g-1)	 1.09	 1.18	 +8.26%	
	
6.4 XRD	results	and	TEM	results	
The	 XRD	 measurements	 showed	 some	 new	 and	 interesting	 results.	 To	 better	 identify	 any	
potential	Cu	species,	the	2q	window	was	opened	to	80	°2q	and	the	diffractograms	are	shown	in	































and	 leave	only	the	copper	residue	behind.	The	residual	masses	 for	 the	undoped	and	N-doped	
samples	were	negligible.	This	contrasts	with	2-N	in	Study	1,	where	this	sample	had	about	a	1	wt%	
residual	mass.	Perhaps	the	final	water	wash	helped	to	remove	any	remaining	silica	species	from	




than	previous	 levels	published	by	our	group,	which	were	 in	 the	range	of	0.5	 to	1.0	wt%.15	An	
interesting	finding	 is	that	the	75%	sample	was	found	to	have	slightly	more	Cu	than	the	100%,	





Sample	 Residual	mass	 CuO	mass*	 Cu	mass§	
Undoped	 0.002	 N/A	 N/A	
N-doped	 0.004	 N/A	 N/A	
100%	Cu(BF4)2	 6.9	 7.5	 6.0	
75%	Cu(BF4)2	 7.7	 8.3	 6.6	














Sample	 B1s	 C1s	 N1s	 O1s	 F1s	 Si2p	 Cu2p3	
100%	Cu(BF4)2	 2.99	 82.00	 6.78	 5.64	 1.43	 0.34	 0.82	
75%	Cu(BF4)2	 1.90	 85.77	 6.03	 4.30	 1.51	 0.14	 0.34	








































Clearly,	 something	 about	 the	 Cu-doping	 negatively	 impacts	 the	 battery	 performance.	 One	
possible	explanation	is	that,	during	the	carbonization	process,	a	layer	forms	at	the	SiO2-carbon	
interface.	This	layer	has	been	reported	before	by	our	group	and	was	observed	to	be	non-porous.85	
An	 effective	means	 of	 removing	 this	 layer	 or	 at	 least	minimizing	 its	 effects	 in	 the	 context	 of	
PEMFCs	was	by	heating	the	OMCs	in	0.5	M	sulfuric	acid	for	6	h	at	80°C.	The	catalyst	activity	and,	
in	turn	the	fuel	cell	performance	increased.	In	this	case,	given	the	extremely	concentrated	salt	
solution,	 this	 layer	 could	 consist	 of	 incompletely	 carbonized	 polymer,	 copper/copper	 oxide	
particles,	 boron/fluorine	 residues,	 or	 some	 combination	 thereof.	 In	 any	 case,	 this	 layer	 likely	
hinders	electron	transfer	 from	the	OMC	to	the	sulfur	and/or	reacts	chemically	with	the	sulfur	
during	 impregnation	or	 battery	 cycling.	 In	 order	 to	 remove	 these	 species	 from	 the	 surface,	 a	
















































Figure	 53.	 X-ray	 diffractograms	 of	 carbamate	 and	DMF	washed	 samples	 of	 75%	Cu(BF4)2	 before	 and	 after	 sulfur	
impregnation.		
Three	 coin-cells	 were	 made	 of	 each	 washed	material.	 When	 tested	 in	 batteries,	 the	 various	
washes	seemed	to	have	little	effect	on	the	performance.	The	unwashed	and	DMF	(Figure	54	and	
Figure	 55)	 washed	 samples	 performed	 much	 worse	 than	 the	 CMK3	 reference	 samples.	 The	















One	plausible	 explanation	 for	 this	 poor	performance	 is	 the	 redox	 reaction	between	Cu	and	 S	

















sodium	 thiosulfate	 (Na2S2O3)	 method,	 wherein	 the	 S8	 sulfur	 is	 produced	 in	 situ	 from	
disproportionation	 of	 aqueous	 Na2S2O3	 using	 HCl.	 The	 highest	 temperature	 employed	 in	 this	
method	is	70°C,	or	about	50°C	below	sulfur’s	melting	temperature.	Small	quantities	(100	mg)	of	































is	 0.79	 V	 lower	 than	 the	 thermodynamic	 voltage	 of	 1.17	 V	 at	 this	 pH.	 For	 reference,	 a	 good	























The	 reduction	of	Cu2+	 is	 considerably	more	 favorable	 than	any	of	 these	other	M2+	 ions.	More	
importantly,	however,	 is	 that	 this	 facile	 reduction	 is	 then	accompanied	by	agglomeration	 into	
relatively	 large	 particles.	 Thus,	 instead	 of	 having	 the	 metal	 centers	 efficiently	 dispersed	
throughout	the	carbon	matrix	and	available	for	sulfur	binding	or	O2/CO2	reduction,	they	coalesce	
into	 large	 particles	 and	 lower	 the	 number	 of	 available	 atoms	 on	 the	 particle	 surface.	 Being	
encased	within	a	carbon	shell	further	lowers	the	surface	area	of	these	particles.	In	the	case	of	Li-





















the	 same	 goal	 of	 increasing	 the	 final	metal	 loading	 of	 the	 iron-doped	OMCs	 (Fe-OMCs).	 The	
background,	experimental	details,	and	results	are	detailed	in	Manuscript	1.		
	






had	 a	 smaller	 residual	mass	 than	 Cl-Fe-OMC	 and	 had	 the	worst	 performance	 of	 all	 Fe-OMCs	
studied,	likely	due	to	its	lower	nitrogen	content	and	presumably	a	lower	Fe	loading.	We	use	a	host	




















Overall,	 we	 found	 that	 the	 selective	 reactivity	 of	 the	 bromomethylated	 carbons	 was	 well	





(All2NH)	 and	 ethylenediamine	 (EN)	 –	 as	 the	 nucleophiles.	 Cathodes	 using	 these	 amine-






of	 the	 dopant	metal	 salt	 into	 account	when	 designing	 a	 synthesis	 for	 transition	metal-doped	
OMCs.	 For	both	Cu	and	Fe	dopant	 salts,	 the	anion	has	a	 strong	 impact	on	 the	 resulting	OMC	
structure,	its	metal	loading,	the	type	of	metal	species	contained	within	the	carbon	structure,	and	
its	performance	in	PEMFCs	(in	the	case	of	Fe).	We	discovered	that	creating	Cu-OMCs	was	rather	





















With	 respect	 to	 Study	 4,	 the	 bromomethylation	 reaction	 likely	 has	 a	 very	 bright	 future.	 This	
method	of	grafting	organic	functionality	to	carbon	surfaces	seems	to	have	all	the	advantages	and	





utility	 in	PEMFCs.	Another	use	 could	be	 to	 functionalize	 the	 carbon	 surface	with	 redox	active	
molecules	(e.g.	ferrocene,	quinones),	which	could	supply	pseudocapacitance	for	supercapacitors.	
The	inherent	advantage	of	such	grafting	methods	over	the	bottom-up	carbon	syntheses	used	in	
Studies	1,	 2,	 and	3	 is	 that	more	delicate	 functional	 groups	 can	be	 chosen	 to	 create	materials	
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